The adsorption capacity of dried olive oil husks (SWOOI) for zinc ions (Zn 2+ ) and copper ions (Cu 2+ ) was studied. It was verified that the Freundlich and Langmuir isotherms describe the adsorption of Cu 2+ and Zn 2+ ions reasonably well. Up to 90% of Zn 2+ ions and 80% of Cu 2+ ions were adsorbed from aqueous solutions when the initial adsorbent and metal concentrations were 30 mg/ml and 20 ppm, respectively. An increase in the SWOOI concentration resulted in greater metal removal from the aqueous solution, and an increase in Zn 2+ ion or Cu 2+ ion concentration at constant SWOOI concentration increased the metal loading per unit weight of the adsorbent. An increase in the initial pH of the metal solutions enhanced the SWOOI adsorption process. The uptake of Zn 2+ ions was also enhanced by decreasing the SWOOI particle size. The presence of a high concentration of soft ions (Na + ) strongly suppressed the uptake of Zn 2+ ions by SWOOI.
INTRODUCTION
Heavy metals are among the toxic pollutants of wastewaters that result from several industries, pulp and paper mills, electroplating and textile mill products. The concentrations of heavy metals in these wastewaters are normally much higher than standards set by environmental agencies and must therefore be decreased to lower limits before discharge. The maximum permissible limits of Cu 2+ and Zn 2+ ions in drinking water are 1 ppm and 5 ppm, respectively, according to the World Health Organization (WHO 1984) .
Many methods are available for the removal of heavy metals from wastewater. However, adsorption has been proven to be successful due to its efficiency relative to other processes. Activated carbon and ion-exchange resins are normally used because of their high efficiency and removal capacity. On the other hand, the capital and regeneration costs of these types of adsorbent are high. Hence, researchers have been encouraged to look for other types of low-cost adsorbent. These include microbial biomass such as Ascophyllum nodosum seaweed biomass for the removal of Cu 2+ , Ni 2+ and Cd 2+ ions (Chong and Volesky 1995) , Aspergillus niger for the removal of Cd 2+ , La 3+ , Ag + and Cu 2+ ions (Mullen et al. 1992) and Rhizopus arrhizus for the removal Pb 2+ , La 3+ and Zn 2+ ions (Tobin et al. 1990) . Different types of agricultural materials and solid wastes have also been used for this purpose. For example, canola meal has been used to adsorb copper ions from aqueous solution (Al-Asheh and Duvnjak 1997), sphagnum moss peat has been used to remove Ni 2+ ions from aqueous solution (Ho et al. 1995) and waste tyre rubber has been used to recover Cd 2+ , Hg 2+ and Pb 2+ ions from aqueous solutions (Rowley et al. 1984) . Animal bones have also been used to Table 1 with the maximum metal uptake by these materials being expressed as Q max (mg metal/100 g adsorbent). The adsorption of heavy metals by these materials has been attributed to their constituents such as proteins, carbohydrates, lipids and lignin which offer abundant functional groups for the binding of heavy metals such as carboxy, hydroxy, phosphate and amine groups (Tobin et al. 1990; Al-Asheh et al. 1998) . Large amounts of olive oil are produced in some countries, such as Spain, Italy, Greece, Portugal and others. The by-products generated from olive oil processing are solid waste (husks) and olive oil mill wastewater, with an increase in demand for olive oil increasing the amount of such waste. Solid waste derived from the oil industry (SWOOI) is normally used as a fertilizer after suitable treatment. This solid waste, which represents 40% of the total olive, contains 2-3% oil and ca. 50% moisture with the remainder being organic matter (Borja et al. 1995) . The widespread availability and constituents of SWOOI make this commodity a good candidate for metal removal from wastewaters (Gharaibeh et al. 1998) .
The purpose of the present work was to study the possibility of utilizing SWOOI for the reduction of zinc or copper ion concentrations in aqueous solutions. To the best of the authors' knowledge, this material has not been considered previously for this purpose. The effects of parameters such as contact time, SWOOI and metal concentrations, particle size, temperature and pH of the solid/ metal suspension on metal adsorption were studied and the results are presented in this paper.
MATERIALS AND METHODS

Adsorbent
The solid waste was obtained from a discontinuous pressing process for olive oil production. It was washed several times with methanol, rinsed with distilled water and then stored in an oven at 70ºC to dryness. The dry matter was crushed and sieved into various sizes (0.212-1.0 mm) before use.
Batch adsorption experiments
Known weights of SWOOI were transferred into glass bottles containing 10 ml of aqueous solutions of Cu 2+ or Zn 2+ ions (derived from CuSO 4 5H 2 O or ZnSO 4 7H 2 O, respectively) to obtain a final adsorbent concentration in the range 0.6-30 mg/ml. All chemicals were of analytical grade (Sigma Chemical Company). The metal concentration range employed was 10-80 ppm at pH values of 2-5 and a temperature range of 24-45ºC. The mixtures were agitated by means of a shaker (Kottermann, Germany) and samples taken at fixed time periods (0.5, 1, 2, 4, 7.5, 15 and 25 h) in order to study the dynamics of the adsorption process. In other studies, equilibrium was attained and the bottles were then removed from the shaker for analysis.
The samples obtained were filtered to remove the adsorbent and the metal concentration in the filtrate determined by atomic absorption methods employing a Spectro AA10 spectrophotometer.
Blank trials without adsorbent addition were performed for each experiment. Each experiment was carried out in duplicate with the average results being presented here.
To study the effect of the initial pH value on the uptake of Zn 2+ and Cu 2+ ions, various concentrations of the initial metal solutions were adjusted to pH values of 2, 3, 4 or 5 using 0.1 N HCl. Similarly, to investigate the effects of the initial metal concentration and temperature on metal uptake, adsorption was undertaken at initial Zn 2+ ion concentrations between 10 and 80 ppm at 25ºC, 35ºC or 45ºC, respectively. Such adsorption experiments were allowed to proceed for 24 h to ensure that equilibrium had been attained.
Data treatment
After determination of the metal ion concentration in the filtrate once adsorption equilibrium had been achieved, C e (mg/l), the extent of metal removal was calculated as:
where Q is the metal uptake (mg metal/g adsorbent), C i is the initial metal concentration (mg/l), m is the quantity of adsorbent employed (mg) and V is the volume of the suspension (ml).
EQUILIBRIUM ISOTHERM MODELS
Equilibrium models are normally used in adsorption studies to determine the capacity of the adsorbent for the pollutant under consideration. Freundlich and Langmuir isotherm models are frequently used for this purpose. The linearized form of the Freundlich isotherm model is:
(2) n where q e (mg/g) is the amount of metal ions adsorbed per unit weight of adsorbent at the final equilibrium concentration, C e (mg/l), K F is the Freundlich constant related to the adsorption capacity and the quantity of l/n is related to the adsorption intensity of the adsorbent. The values of K F and l/n were evaluated from the intercept and the slope, respectively, of the linear plot of the experimental data obtained when ln q e was plotted against ln C e .
The linearized Langmuir isotherm model is:
where K L (mg/g) and b (ml/mg) are the Langmuir constants related to the adsorption capacity and adsorption energy, respectively. These constants were evaluated from the intercept and slope of the linear plot of the experimental data of l/q e versus l/C e . The change in the apparent enthalpy, H (kJ/mol), and the Gibbs free energy change, G (kJ/ mol), for adsorption of the metal ion by the adsorbent can be calculated using the following thermodynamic equations (Panday et al. 1985) :
where b is the adsorption energy constant and T (K) is the absolute temperature of the metal solution. The quantity H was determined from the slope of the plot of ln b versus l/T, while G could be determined directly from equation (5) at a given temperature.
RESULTS AND DISCUSSION
Neither precipitate nor metal ions adsorbed on the walls of the bottles employed for testing the adsorption of the metal ions studied under the experimental conditions employed. This was demonstrated through the use of metal ion solutions in the absence of adsorbent as blanks which, after filtration and analysis, gave metal ion concentrations which were the same both before and after filtration.
Kinetics of the adsorption process
The kinetics of the adsorption process in the presence of the SWOOI adsorbent were explored for both ions, Zn 2+ and Cu 2+ , at various initial metal ion concentrations. It was found that the rate of adsorption of Zn 2+ ions by SWOOI [ Figure 1(A) ] was faster than that of Cu 2+ ions [ Figure 1(B) ]. However, the results depicted in Figure 1 , as well as the majority of those obtained in this study, indicate that the rate of the adsorption process may be considered as fast. The high initial rates of Zn 2+ and Cu 2+ ion uptakes suggest that adsorption occurred mainly at the surface of the solid waste. These results also indicated an increase in the metal ion uptake with increasing initial metal ion concentration. However, the percentage of metal ion removed from the solution decreased with increasing initial metal ion concentration. This can be explained by a progressive increase in electrostatic interaction, relative to covalent interaction, of sites with a lower affinity towards Cu 2+ or Zn 2+ ions with an increase in the initial Cu 2+ or Zn 2+ ion concentration (Van Cutsem et al. 1984) .
When the results depicted in Figure 1 were re-plotted against the square root of the contact time, linear correlations were obtained (Figure 2 ). This indicates that an intrapore diffusion mechanism was involved in adsorption (Weber and Morris 1963) over the slower adsorption rate ranges observed for both Zn 2+ and Cu 2+ ion uptakes (Figure 1) . However, the fact that the lines depicted in Figure 2 do not pass through the origin indicates, according to Weber and Morris (1963) , that intrapore diffusion is not the controlling step in the adsorption of Zn 2+ and Cu 2+ ions by SWOOI. 
Effect of adsorbent concentration
An examination of the effect of SWOOI concentration on the removal of Zn 2+ and Cu 2+ ions from aqueous solution showed that the concentrations of both Zn 2+ and Cu 2+ ions were further decreased on increasing the concentration of SWOOI in the suspension from 0.6 to 30 mg/ml (Figure 3) . The reason for such behaviour is attributed to the larger number of binding sites on the adsorbent available to the metal ions. However, the results also showed that the uptake per unit mass of adsorbent was higher at lower concentrations of the latter. This was because a decrease in the adsorbent concentration, at a fixed initial metal concentration, resulted in a higher concentration of metal ions per adsorbent binding site. The relationships between metal ion loading and the concentration of the adsorbent are in agreement with data published for other biological adsorbents (Lee and Low 1989; Salim et al. 1992; Tee and Khan 1988) . Higher values were obtained on using 30 mg adsorbent/ml with a removal of 90% (0.067 mg/g) for Zn 2+ ions and 85% (0.10 mg/g) for Cu 2+ ions (Figure 3 ). This indicates that the affinity of Zn 2+ ions to the adsorbent was higher than that of Cu 2+ ions.
Effect of initial pH value
The effect of pH on the adsorption of Zn 2+ and Cu 2+ ions was also considered. It was found that no Zn 2+ ion adsorption occurred at pH values of 2 and 3, with some adsorption occurring at pH 4 which increased to a higher uptake level when the pH was increased to 5. Uptakes of 9.0 and ion concentration and (B) the initial Cu 2+ ion concentration and the uptake of these ions at various pH values at a SWOOI concentration of 5 mg/ml. 9.3 mg/g were observed at pH values of 4 and 5, respectively, when the initial Zn 2+ ion concentration was 100 ppm [ Figure 4(A) ]. However, for Cu 2+ ion adsorption by SWOOI, some Cu 2+ ion uptake occurred at pH values of 2 and 3, but the level of uptake was much lower than that at pH 4 and 5, respectively [ Figure 4(B) ]. In general, these results indicate that metal ion uptake by SWOOI increased with an increase in the initial pH value of the metal ion solution.
It is known that the pH value of an adsorbent/metal ion suspension can influence the adsorption process quite significantly. Thus, Ferro-Garcia et al. (1988) in an investigation of the uptake of Cd 2+ and Cu 2+ ions from agricultural by-products by activated carbon reported that the adsorption of these metals was negligible at low pH levels. However, the adsorption process was enhanced substantially between pH 3 and pH 5, attaining values that remained almost constant for higher pH levels. They attributed this increase to a change in the charge on the carbon surface with a change in the pH values. Electrostatic repulsion between the cations and the positively charged surface of the activated carbon occurred at low pH values, while metal ions replaced hydrogen ions on the carbon surface at higher pH values leading to an increase in the extent of adsorption. The explanation advanced by Ferro-Garcia et al. (1988) can also be applied to the results obtained in the present work. Other researchers have noticed an increase in metal ion uptake with increasing pH, e.g. Namasivayam and Periasamy (1993) for the adsorption of Hg 2+ ions by peanut hulls and Al-Asheh and Duvnjak (1997) for the removal of Cd 2+ ions by pine bark.
Effect of temperature
The effect of temperature on the adsorption of Zn 2+ ions by SWOOI was also studied. The results obtained ( Figure 5) show that the metal ion uptake decreased with increasing temperature, indicating that the process was exothermic. Ferro-Garcia et al. (1988) in their studies also obtained similar results to those shown in Figure 5 . The equilibrium curves obtained at the three temperatures employed in the present study are well represented by the Freundlich isotherm model [ Figure  5 (A)] and the Langmuir isotherm model [ Figure 5(B) ]. The Freundlich constants K F and l/n and Langmuir constants K L and b at various temperatures are listed in Table 2 . The decrease in K F and K L observed with increasing temperature indicates that adsorption capacity decreased under these circumstances. The enthalpy change for adsorption, H, was calculated by plotting ln b versus l/T ( Figure 6 ) and found to be -16.7 kJ/mol, the negative value of H confirming the exothermic nature of the adsorption process. The values of G obtained at different temperatures are also listed in Table 2 , the negative sign for G indicating the spontaneous nature of adsorption. The G values reported by Panday et al. (1985) and Singh et al. (1993) are similar to those obtained in this study.
Effect of particle size
The particle size of SWOOI was expected to play a role in the adsorption process because of the surface nature of this phenomenon (Salim et al. 1992) . Thus, as the size of a particle decreases, the surface area per unit weight increases and so does the adsorption capacity of the adsorbent. To investigate this, SWOOI was screened through sieves of two size distribution fractions, 0.212-0.717 mm and 0.717-1.0 mm, respectively. For the studies undertaken, Zn 2+ ions were employed at various initial concentrations within the range 10-100 ppm with a constant SWOOI concentration of 5 mg/ml. The results showed that small particles exhibited slightly greater uptakes than large particles over all the Zn 2+ ion concentrations considered. Thus, at initial Zn 2+ ion concentrations of 20 and 80 ppm, the uptakes for particles in the 0.212-0.717 mm range were 3.45 and 8.84 mg/g, Figure 5 . Relationship between the equilibrium Zn 2+ ion concentration and uptake at various temperatures using 5 mg/ml of SWOOI. The symbols depict experimental data while the lines are the predicted data using (A) the Freundlich and (B) the Langmuir models. respectively, while the uptakes for particles in the 0.717-1.0 mm range were 2.94 and 7.69 mg/g, respectively.
Effect of salt addition
Soft and hard ions are among complexing agents which interfere with the adsorption of heavy metal ions by biomaterials. In the present study, various concentrations of Na + ions in the form of NaCl were added to the adsorbent/Zn 2+ ion suspension. Two initial concentrations of Zn 2+ ion were considered, viz. 20 and 40 ppm. The results obtained (Figure 7) show that the presence of Na + ions Figure 6 . Plot of ln b versus 1/T for the adsorption of Zn 2+ ions by SWOOI. Figure 7 . Effect of salt (NaCl) concentration on the Zn 2+ ion uptake by SWOOI using various initial Zn 2+ ion concentrations and 5 mg/ml of SWOOI.
at both Zn 2+ ion concentrations depressed the uptake of Zn 2+ ions by SWOOI. Figure 7 also shows that higher concentrations of Na + ions caused a greater depression of metal ion uptake. At 20 ppm initial Zn 2+ ion concentration and Na + ion concentrations of 0.0 M and 0.25 M, respectively, the uptakes of Zn 2+ ions were 3.35 and 2.27 mg/g, respectively. At 40 ppm initial Zn 2+ ion concentration and Na + ion concentrations of 0.0 M and 0.25 M, respectively, the uptakes of Zn 2+ ions were 6.84 and 3.80 mg/g, respectively. Norris and Kelly (1977) have reported that the initial rate of Cd 2+ ion uptake by Saccharomyces cerevisiae cells was strongly depressed by Ca 2+ ions when the initial concentrations of Cd 2+ and Ca 2+ ions in the solution were 22.5 and 8 ppm, respectively. Muzzarelli and Tubertini (1969) showed that K + , Na + and Mg 2+ ions did not interfere with the removal of many metal ions from their solutions by chitin. The results of Jha et al. (1989) indicate that in the presence of 100 ppm of Ca 2+ ions and 5 ppm of Cd 2+ ions, the initial rate of 
